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Introduction {#sec1}
============

Different types of brain injuries, such as ischemia or trauma, have been reported to influence adult neurogenesis in the two stem cell niches of the adult brain ([@bib1], [@bib40]). In the subventricular zone (SVZ), these injuries lead to enhanced proliferation and migration of neuroblasts, not only to the olfactory bulb but also toward the damaged area. Interestingly, brain tumors, such as glioblastoma, also stimulate the migration of immature precursor cells toward the tumor mass, as these cells can be found at the tumor edge ([@bib4], [@bib13]). A neurogenic response to pathologies such as stroke ([@bib18], [@bib27]), Huntington disease ([@bib7]), epilepsy ([@bib6]), or brain tumors ([@bib28]) has also been reported in adult human brains. These results have fueled hope of using the activation of endogenous neural stem cells in response to injury as an additional strategy for the treatment of neurological diseases ([@bib25]). Recent findings of ongoing neurogenesis in the adult human striatum and hippocampus ([@bib10], [@bib37]) have lent further support to this prospect. Multiple factors and signaling pathways have been described as playing a role in the injury reaction of the SVZ. Among the most prominent are the Notch signaling pathway and the SDF-1α ligand and its receptor CXCR4 ([@bib17]). Notch is reported to upregulate the proliferation and differentiation of cells in the SVZ in a stroke model, while SDF-1α has been shown to influence the direction of migration toward injured regions. However, the question of which signals, emanating from the injury site, are responsible for initiating the injury reaction of neural stem cells (NSCs) in the SVZ has received little attention. Such a signal would require the fulfillment of several criteria: Firstly, it has to be transmitted quickly, as changes in gene expression in the murine SVZ occur as early as 4 hr after the lesion ([@bib42]). Secondly, the signal must be relayed over relatively large distances, arguing against diffusible factors. Thirdly, the signal must be spatially orientated, as changes in the SVZ largely occur in the hemisphere, ipsilateral but not contralateral to the injury. Finally, it must be self-sustainable. By analyzing gene expression patterns in the SVZ 48 hr after permanent middle cerebral artery occlusion (MCAO) in mice, we found a prominent change in the expression levels of calcium-binding proteins based on gene ontology (GO) classification, indicating a possible role of calcium signaling in the initiation of the injury reaction. Together with other observations, this led us to the hypothesis that information about an injury induced by stroke may be transmitted to the SVZ by traveling astrocytic calcium waves, transient increases in intracellular calcium that transmit to adjacent non-stimulated astrocytes and thereby spread over long distances ([@bib33]). Calcium waves display a wide range of physiological functions in the brain. In development, calcium increases have been shown to modulate cell division, neuronal differentiation, and migration ([@bib30], [@bib38]). More recently, it has been shown that postnatal neural stem and progenitor cells (NSPCs) in the SVZ can communicate with astrocytes via gap junction-mediated calcium waves ([@bib22]), and calcium signaling in the adult SVZ has been shown to modulate blood vessel dilation ([@bib23]). However, to the best of our knowledge, a mechanism by which distant signals from injuries can be relayed by astrocytic networks to NSCs has not been described.

To study the activation of NSCs by astrocytic calcium waves in a system with reduced complexity, we developed a co-culture system to allow this signaling to be investigated in isolation. Functionally, NSCs stimulated by an astrocytic calcium wave increase their rate of self-renewal as well as their migratory capacity. The Notch pathway has been implicated in many aspects of stroke-induced neurogenesis ([@bib3], [@bib11], [@bib21], [@bib41]). Accordingly, we observed an early and transient upregulation of the Notch target gene *Hes1* in culture and organotypic slices. Inhibition of the Notch pathway with a **γ**-secretase inhibitor abolished the increased migration potential. In sum, we propose that propagating calcium waves are a major contributor to the initiation of the injury response of SVZ NSCs after ischemia.

Results {#sec2}
=======

Cellular and Gene Expression Changes in the SVZ 48 hr after MCAO {#sec2.1}
----------------------------------------------------------------

To analyze changes in gene expression with regard to the possible initiation of the injury reaction in the SVZ after stroke, we performed Affymetrix chip expression analysis on SVZ tissue dissected out 48 hr after permanent MCAO. SVZ tissue from animals undergoing sham surgery served as control (n = 3 independent experiments, 15--20 animals per experiment) ([Figure 1](#fig1){ref-type="fig"}A). Brains with the tissue damage extending to the SVZ were excluded from our analysis to minimize confounding factors such as dead tissue or infiltrating blood cells. We further analyzed tissue sections from the same groups of animals to control for changes in cell composition due to the possible influx of leukocytes. We did not observe any noticeable changes in or around the SVZ in our injury model compared with the contralateral hemisphere or sham controls, with respect to the presence of cells expressing CD45 or the microglia marker Iba1 ([Figures 1](#fig1){ref-type="fig"}B, 1C, and [S1](#mmc1){ref-type="supplementary-material"}A--S1C). In analyzing gene expression we found a significant upregulation of genes involved in cell proliferation, cell migration, or cell division. Interestingly, genes for calcium-binding proteins were also highly upregulated in MCAO samples ([Figures 1](#fig1){ref-type="fig"}D--1F). We did not find a signature consistent with a hypoxic response. This pattern, together with other considerations mentioned above, led us to the hypothesis that signaling of a distant injury to the SVZ could be mediated by astrocytic calcium waves.

Spatiotemporal Characteristics of Calcium Wave Dynamics in Astrocytes Differentiated from NSCs {#sec2.2}
----------------------------------------------------------------------------------------------

To test the concept of a signal relay by astrocytic calcium waves to NSCs without confounding neuronal processes such as spreading depression, we sought to establish an in vitro model. To this end, we differentiated astrocytes from NSCs derived from the SVZ of adult C57/BL6 mice. NSCs can be efficiently differentiated into astrocytes by the addition of ciliary neurotrophic factor (CNTF) and serum to the culture medium ([@bib20]). Differentiation of NSCs with 10 ng/mL CNTF led to \>98% differentiation of cells into glial fibrillary acidic protein (GFAP)-positive astrocytes. Virtually no class III β-tubulin (Tuj1)-positive neuronal progenitor cells could be detected. To measure calcium dynamics in the culture, we loaded the astrocytic monolayer with one or other of the fluorescent calcium indicators Fluo4-AM and Oregon Green 1 (OGB1), prior to mechanical injury and subsequent analysis ([Figure 2](#fig2){ref-type="fig"}A). A mechanical injury was induced by cutting into the astrocyte monolayer with a scalpel or a 10-μL pipette tip, and subsequent changes in fluorescence intensity over time were analyzed using high-frequency microscopic imaging (19--23 frames/s). We observed a traveling calcium wave starting from the injury site ([Figure 2](#fig2){ref-type="fig"}B) and recruiting the entire astrocytic monolayer in the tissue culture well. The wave front appeared as a direct positive relationship between the Euclidean distance from the mechanical injury site and the time delay of the peak fluorescence of the cells\' somata with respect to the time point of injury ([Figure 2](#fig2){ref-type="fig"}C). The velocity of the wave corresponded to the slope of the best-fitting line. In the astrocyte culture, we observed a velocity of 0.014 mm/s. In the neurosphere-astrocyte co-culture a similar wave was observed, which invaded the neurosphere with a velocity of 0.022 mm/s ([Figures 2](#fig2){ref-type="fig"}D--2H). We demonstrated that linear fitting of the relationship between time after injury and peak fluorescence explained a large portion of the variance in both cultures; 90% for the astrocytic (adjusted R^2^ = 0.9022) and 78.2% for neurosphere-astrocyte (adjusted R^2^ = 0.782) cultures.

Calcium Waves Require Intracellular and Extracellular Calcium and Can Be Mediated by ATP and Gap Junctions {#sec2.3}
----------------------------------------------------------------------------------------------------------

Astrocytic calcium wave propagation can have various underlying physiological processes, depending on the brain region or type of injury. Therefore, we wanted to characterize the mechanism for calcium wave formation in our cultivated NSC-derived astrocytes. A representative image of a normal calcium wave, arising after a cut into the astrocyte monolayer, is depicted in [Figure 3](#fig3){ref-type="fig"}A. Following the addition of 10 nM thapsigargin or 50 μM cyclopiazonic acid (CPA), which deplete calcium from internal stores, no calcium waves could be observed after a cut, underlining the necessity of internal calcium stores for wave propagation ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2C). Given the potential toxicity of thapsigargin and CPA, we tested their effect on astrocytic cell death and found no increase under the conditions used ([Figure S2](#mmc1){ref-type="supplementary-material"}F). Intracellular calcium is stored in the ER and calcium released from this store is either inositol triphosphate (IP~3~) dependent or ryanodine receptor dependent. To determine which stores are involved in wave formation, we treated cells with high (50 μM) or low (20 μM) concentrations of 2-aminoethoxydiphenyl borate (2-ABP), known to block IP~3~-dependent and ryanodine-dependent calcium release, respectively. While a low concentration of 2-ABP did not have any effect, a high concentration abolished the formation of calcium waves, comparable with thapsigargin treatment ([Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E). Thus, calcium waves arising after an in vitro injury rely on intracellular calcium stores in an IP~3~-dependent manner. To test whether extracellular calcium is required, we added 2 mM EGTA, a highly sensitive non-cell permeable calcium chelator, to the culture medium. Under this condition, calcium waves were abolished ([Figure S2](#mmc1){ref-type="supplementary-material"}H). Astrocytes are highly connected through gap junctions, ion-permissive cell-cell connections that have been reported to play a crucial role in astrocytic calcium wave formation and propagation ([@bib2], [@bib5]). To test whether calcium waves in the established in vitro system were gap junction dependent, we closed gap junctions either by addition of 50 μM carbenoxolone or by reducing the pH to 6.5; both abolished calcium wave formation ([Figures S2](#mmc1){ref-type="supplementary-material"}G and S2I). To test whether ER stores were completely depleted after thapsigargin and CPA treatment, we additionally added ATP in a calcium-free medium and did not observe the initiation of a calcium wave ([Figure S2](#mmc1){ref-type="supplementary-material"}G). As an alternative route, many diffusible factors can lead to calcium elevation in different cell types, among them ATP ([@bib14]). To assess whether calcium waves can be propagated by diffusible factors, we performed calcium-imaging experiments to investigate whether calcium waves could traverse a gap in the astrocytic monolayer. A cell-free gap was created in an astrocytic monolayer by scratching with a pipette tip, following resting time for the arising wave to decay. In the next step, the astrocytic monolayer was cut again at some distance to the initial gap (scheme in [Figure 3](#fig3){ref-type="fig"}B). Following the cut, a calcium wave could be seen to emerge from the other side of the gap with some delay ([Figure 3](#fig3){ref-type="fig"}B, upper panel). To determine whether ATP was the diffusible factor required for traversing the gap, we added apyrase, an ATP-degrading enzyme, to the culture medium. Under this condition, the calcium wave traveled only to the gap but did not cross it ([Figure 3](#fig3){ref-type="fig"}B, lower panel). In conclusion, calcium waves in vitro require internal cellular calcium stores and calcium release in an IP~3~-dependent manner as well as calcium from the extracellular space. Furthermore, gap junction connections and ATP mediate wave propagation between the astrocytes.

Astrocytic Calcium Waves Spread to Co-cultured NSPCs, Eliciting Increased Self-Renewal and Migratory Capacity {#sec2.4}
-------------------------------------------------------------------------------------------------------------

To study the effects of astrocytic calcium waves on NSPCs, we pre-labeled neurospheres with the lipophilic dye DiI and seeded them onto an astrocyte monolayer as described above. As a negative control, astrocytes were treated with thapsigargin prior to the attachment of the neurospheres, thereby irreversibly depleting internal calcium stores and abolishing calcium waves in astrocytes alone. This experimental setup was used to assess the effect of calcium waves on changes in the migratory capacity of NSPCs, in line with the observation of a changed migration pattern toward the site of an injury ([@bib1]). Five hours after cutting into the astrocyte layer, the distances of the ten labeled cells that had migrated the furthest beyond the sphere border were measured ([Figure 4](#fig4){ref-type="fig"}A). In the thapsigargin-treated sample, the average migration distance was unchanged from that of the uninjured control (average of 75 μm for both conditions, ±5 μm and ±3.4 μm, respectively). However, in the untreated sample the migration distance significantly increased to 101 μm (±4.6 μm) ([Figure 4](#fig4){ref-type="fig"}B). Notably, morphological differences between the control or thapsigargin samples versus the injury sample could be observed. The spheres in the thapsigargin and control samples were more condensed and could be easily discriminated from the astrocytic monolayer. In contrast, spheres in the DMSO sample did not exhibit clear boundaries. Next, we assessed the effect of a calcium wave on proliferation and self-renewal of NSCs. For self-renewal, we allowed DiI-labeled neurospheres to attach to astrocytes for 3 hr and then induced calcium waves by cutting into the monolayer. After 16 hr, neurospheres were dissociated, and DiI^+^ cells were isolated by fluorescent activated cell sorting (FACS) and cultured at clonal density (1 cell/μL) ([Figure 4](#fig4){ref-type="fig"}C, schematic). After 10 days, the number and size of the spheres was analyzed. Sphere size indicates whether the founder cell was a stem cell or precursor cell ([@bib26]). While the average sphere size showed no difference between the samples across the whole population, a comparison of the largest 2.4% of each sample, the approximate stem cell percentage in a neurosphere population ([@bib32]), revealed a significantly higher number of spheres with a diameter of \>150 μm after injury compared with uninjured controls or thapsigargin-treated samples ([Figures 4](#fig4){ref-type="fig"}C \[lower panel\] and 4D). Equally, a higher capacity for self-renewal was observed based on the total number of spheres formed, with a significantly higher number after injury compared with the uninjured control or thapsigargin inhibition ([Figure 4](#fig4){ref-type="fig"}E). As an alternative way to increase intracellular calcium, we measured self-renewal of NSCs in the presence of 25 mM and 50 mM KCl, respectively. Both concentrations led to a decrease in self-renewal, indicating a different effect of an elevation of intracellular calcium by this method ([Figure S3](#mmc1){ref-type="supplementary-material"}). Finally, we tested the effect of an astrocytic calcium wave on the differentiation capacity of NSCs. DiI-labeled neurospheres were allowed to attach on an astrocyte monolayer and then isolated after injury as described above. Calcium signaling was abolished for two experimental groups using thapsigargin and CPA, with addition of PBS serving as control. The isolated NSCs were then plated out on laminin-coated culture dishes under differentiating conditions, and after 3 days cell fates were examined by staining for GFAP and Tuj1. We did not observe any significant changes in the share of cell types generated between the different experimental groups ([Figure 4](#fig4){ref-type="fig"}F).

The Notch Signaling Pathway Mediates an Increase in Migratory Behavior of NSPCs {#sec2.5}
-------------------------------------------------------------------------------

Notch signaling was found to play a role in multiple aspects of the reaction of NSPCs following stroke. To test the effect of calcium waves on Notch signaling in our experimental setup, we performed real-time qPCR analysis on mRNA extracted from neurospheres exposed to astrocytic calcium waves as described above. At various time intervals after injury, neurosphere cells were separated from astrocytes by FACS and RNA was isolated. Subsequent qPCR analysis demonstrated an upregulation of *Hes1*, an effector of Notch signaling, 30 min ([Figure 5](#fig5){ref-type="fig"}A) but not 1 hr, 4 hr, or 16 hr after injury. Other genes involved in the Notch signaling pathway, i.e., *Hes5*, *Notch1*, or the Notch1 ligand *Jagged1* were not upregulated. Notch signaling can be abolished by addition of DAPT (N-\[N-(3,5-difluorophenacetyl)-L-alanyl\]-S-phenylglycine t-butyl ester), an inhibitor of γ-secretase. γ-Secretase cleaves the Notch1 receptor and leads to the formation of the Notch intracellular domain, and is therefore necessary for functional Notch signaling. DAPT treatment of neurospheres led to a significant decrease in cell migration into the cell-free area of a scratch-wound assay, compared with the DMSO control ([Figures 5](#fig5){ref-type="fig"}B and 5C). Next, we investigated whether upregulated Notch1 signaling could also be induced in the SVZ of acute brain slices in a calcium-dependent manner. To this end, 250- to 300-μm thick vibratome slices of murine brains (postnatal days 10 and 11) were placed on a porous membrane and cultivated in a humidified atmosphere. After 2 days in culture, slices were treated either with CPA, an inhibitor of calcium-dependent ATPase, or with DMSO as a control. Subsequently, an injury was induced via transection of the slice, as illustrated in [Figure 5](#fig5){ref-type="fig"}D. The SVZs of the ipsilateral and contralateral hemispheres were harvested 3 or 24 hr after the injury for RNA isolation and subsequent qPCR analysis. Three hours after injury, *Hes1* and *Hes5* were upregulated in the ipsilateral compared with the contralateral SVZ, although *Hes5* upregulation was not significant ([Figure 5](#fig5){ref-type="fig"}E). However, in the CPA-treated samples the mRNA levels of both transcription factors remained unchanged compared with the contralateral DMSO control ([Figure 5](#fig5){ref-type="fig"}E). Notably, 24 hr after injury these effects could no longer be observed, as mRNA levels of *Hes1* and *Hes5* were unchanged in all samples (not shown).

Discussion {#sec3}
==========

In this study, we propose that astrocytic calcium waves are long-range signals capable of transmitting the occurrence of a brain injury to the SVZ, where they stimulate NSC proliferation and self-renewal and increase the migratory potential of NSPCs, as observed in various stroke models. Analysis of changes in gene expression in the SVZ after ischemia induced by a permanent occlusion of the middle cerebral artery showed a strong upregulation of components of the calcium-binding protein GO cluster, but not of signatures associated with immune cells or hypoxia. Given the typical properties of the SVZ reaction, in that it is fast and spatially limited to the injured hemisphere, we hypothesized that traveling astrocytic calcium waves arising from extensive tissue damage may transmit the information that a local injury has occurred over long distances to the SVZ. Interestingly, and similar to our findings, it was recently shown that calcium waves activate migratory behavior of microglia in the zebrafish brain in response to injury ([@bib35]). To study the effect of a physiological calcium signal carried only by astrocytes and transmitted to NSPCs in isolation, i.e., separated from simultaneously occurring processes such as neuronal transmission or spreading depression, we devised an in vitro co-culture system. NSCs can be very efficiently differentiated to astrocytes by addition of CNTF to the differentiation medium. A detailed characterization of calcium waves in these cells revealed a uniform propagating wave, recruiting all cells in a homogeneous fashion. Notably, the velocity of the astrocytic calcium waves of about 0.02 mm/s is three orders of magnitude slower compared with neuronal calcium waves, ranging between 30 and 50 mm/s ([@bib39]) and suggesting a differential mechanism of wave initiation and propagation. However, the velocity of these waves is in line with that of astrocytic calcium waves in the neocortex, at 0.014 ± 0.005 mm/s ([@bib36]). Also spreading depression, a form of neuronal slow propagation (3--6 mm/min, 0.05--0.1 mm/s) in rat cortex ([@bib12]) is accompanied by an astrocytic calcium wave ([@bib31]). Central to our hypothesis, an elevation in intracellular calcium could be passed on from astrocytes to co-cultured neurospheres in vitro. We also observed the spreading of a calcium wave from the striatum to the adjacent SVZ in acute slices in vivo after electrical stimulation ([Figure S4](#mmc1){ref-type="supplementary-material"}), showing kinetics similar to that of our in vitro data. In the astrocyte-neurosphere co-culture system we demonstrated an increase in sphere number, indicating increased self-renewal mediated by astrocytic calcium waves. Interestingly, we found a concomitant increase specifically in the population of the largest spheres. The largest spheres in a neurosphere culture typically arise from NSCs, in contrast to smaller spheres that originate in less primitive precursor cells or transient amplifying cells in vivo. Thus, the increase in the number of large spheres after a calcium signal may reflect a shift from asymmetric to symmetric division of stem cells, consistent with evidence from previous in vivo data ([@bib43]), rather than being the result of a simple change in proliferation that would affect all cells. Beyond this, calcium waves transmitted via gap junctions or by release of ATP and activation of purinergic receptors have been shown to influence neurogenesis in the adult brain SVZ ([@bib22], [@bib24]). The nature of the calcium signal to stem cells seems to be important for the type of response that is elicited. While NSC after astrocytic calcium wave did not change their differentiation potential, a previous study by one of the authors found that long-term optical stimulation of stem cells transduced with channelrhodopsin-2 led to an increase in neuronal differentiation and that this effect was likely due to calcium signaling ([@bib38]). In addition to initiating the injury response by an activation of quiescent NSCs, astrocytic calcium waves may have an important function in stimulating and guiding the migratory behavior of immature cells toward the injury. We showed that stimulating neurospheres with an astrocytic calcium wave was sufficient to increase cellular migratory potential. This was consistent with experiments showing that neurospheres cultivated from stroke mice display a higher migratory potential than that of neurospheres derived from non-stroke animals, indicating the induction of permanent changes ([@bib44]). The extent to which calcium signaling may contribute to directing neuroblast migration toward the injury site remains unclear, and a number of other signaling molecules have been suggested in this context. However, data on astrocytic calcium wave-induced responses in murine microglia ([@bib34]), as well as guidance of microglia in the zebrafish brain ([@bib35]), suggest that calcium waves are both necessary and sufficient for microglia migration to the site of injury.

The Notch signaling pathway is essential for maintaining embryonic NSCs and promoting gliogenesis. In stroke, it has been shown that molecules of the Notch signaling pathway are upregulated as little as 4 hr after MCAO ([@bib42]), indicating a role in the initiation of the injury reaction through the activation of stem cell proliferation. More recently, Notch signaling was demonstrated to convert ependymal cells directly into neuronal progenitor cells after stroke, thereby depleting the former and acting as a reservoir for additional progenitors ([@bib3]). Moreover, astrocytes could be induced to enter a neurogenic program in the striatum and medial cortex by blocking Notch signaling, even in the absence of stroke ([@bib29]). These results point to a possibility of using endogenous neuronal differentiation potential for therapeutic strategies. Our results are consistent with an immediate activation of Notch signaling by an astrocytic calcium wave, measured by the upregulation of the Notch target gene *Hes1* in neurospheres or slice culture SVZs after injury, which could be reversed by blocking calcium signaling. Conversely, increased migration potential in neurospheres could be blocked by the γ-secretase inhibitor DAPT. From our data we cannot conclude that astrocytic calcium waves are the sole mediator of an injury response in vivo, and we find it likely that other factors or types of signaling contribute to the neurogenic injury response. For example, the attraction of stem cells transplanted into the contralateral hemisphere toward the lesion over a long distance would indicate other long-range signals ([@bib15]). However, we give proof of concept that a transient increase in intracellular calcium levels can spread from astrocytes to NSPCs and that this signal is sufficient to increase their self-renewal and migratory behavior.

Conclusion {#sec3.1}
----------

Our study adds to the general concept of calcium transients, initiated by distant events, regulating NSPC behavior in the SVZ. The confirmation of ongoing neurogenesis in the adult human brain, even in individuals of advanced age ([@bib9]), gave a significant boost to the concept of using endogenous NSCs for brain repair. A better understanding of the signals that both activate and direct NSPCs from their niche to the site of injury is required for a further step toward this goal.

Experimental Procedures {#sec4}
=======================

Stroke Model {#sec4.1}
------------

Focal ischemia was induced by occlusion of the middle cerebral artery by electrocoagulation in adult male C57/BL6 mice (7--8 weeks old; Charles River). All animal work was conducted according to the relevant institutional guidelines of the Frankfurt University Medical School and was approved by the government agency for veterinary medicine in Darmstadt, Germany (ethical permission Gen. Nr. F94/12; F94/09; F 31/15). Sham surgery was used in control animals, performing the same procedure except for occlusion of the artery. Forty-eight hours after MCAO the mice were killed, the brains removed, and the SVZ rapidly excised in ice-cold PBS and collected in RNAlater (Life Technologies). Only animals with tissue damage not extended to the SVZ were included in further analysis.

Affymetrix Microarray Analysis {#sec4.2}
------------------------------

RNA quality was checked using the Bioanalyzer (Agilent Technologies) RNA 6000 Pico LabChip Kit. Five micrograms of RNA was used for hybridization for each sample on a GeneChip Mouse Genome 430 2.0 array (Affymetrix). Probe level normalization was conducted using the variance stabilization method ([@bib16]). This method renders the variance of probe intensities approximately independent of their expected expression levels. Parameters (offset and a scaling factor) were estimated for each microarray, in consideration of the fact that a reasonable fraction of probes was not differentially expressed across the samples. In view of the computational complexity of the algorithm, parameters were estimated from a random subset of probes and then used to transform the complete arrays. Probeset summarization was calculated using the median polish method on the normalized data. For each probeset a robust additive model was fitted across the arrays, addressing the different sensitivity of the probesets via the probe effect. Firstly, an expression intensity filter was used to reduce the dimension of the microarray data. Data were filtered with an intensity filter (the intensity of a gene should be higher than 100 in at least 0.25% of samples, if the group size is equal) and a variance filter (the interquartile range of log~2~ intensities should be at least 0.5, if the group size is equal). After the expression intensity filtering, we calculated p values with the two-sample t test (variance = equal) to identify genes that were differentially expressed between the two groups. For the multiple testing problems, we used a false discovery rate (FDR). Furthermore, fold changes (FC) between the two groups were calculated for each gene. The lists of differentially expressed genes were filtered with FDR and FC criteria. A heatmap was generated with Spotfire Software (Spotfire Decision Site 9.1.2).

Cell Culture and Reagents {#sec4.3}
-------------------------

Primary neurospheres were cultivated from the brains of adult male C57Bl/6 mice as described previously ([@bib19]). For astrocytic monolayer differentiation, cell-culture plates were coated with poly-L-lysine solution in PBS for at least 1 hr prior to cell cultivation. After dissociation, neurosphere cells were counted and plated into coated dishes containing differentiation medium with 1 μM CNTF for at least 2 days prior to calcium signaling experiments. For fluorescent staining of neurospheres, cells were incubated in culture medium containing 2 μM DiI (Molecular Probes) at 37°C for 5 min followed by 15 min at 4°C. Afterward, cells were washed twice with DMEM to remove excess dye.

Fluorescence-Activated Cell Sorting {#sec4.4}
-----------------------------------

Astrocyte-neurosphere co-cultures were briefly washed with cold PBS. For cell detachment, co-cultures were incubated with Accutase for 5--10 min until cells were completely dissociated to single cells. Cells were washed once with medium and then resuspended in PBS-HEPES solution, and kept on ice previous to sorting. Sorting was performed on a FACSAria (Becton Dickinson). For self-renewal analysis, cells were sorted directly into 6-well plates at a clonal density of 1 cell/μL in culture medium. For RNA isolation, cells were sorted into RNase/DNase-free tubes. Approximately 100,000 cells were sorted for each condition. Immediately after sorting, cells were centrifuged and the resulting pellet was resuspended in lysis buffer for RNA isolation.

Brain Slice Cultures and Analysis {#sec4.5}
---------------------------------

Brain slices were prepared from mice from postnatal days 6 to 14. Mice were killed by cervical dislocation and the brains were excised, washed briefly in ice-cold Krebs buffer, and embedded in low melting agarose in plastic embedding molds. Slices were cut at 250--300 μm thickness and placed into ice-cold Krebs buffer saturated with carbogen. Brain slices were transferred onto porous polycarbonate membrane and cultivated in a humidified atmosphere in serum-containing medium for 2 hr. Afterward, the medium was changed to neurosphere culture medium and replaced every day thereafter. For analysis of gene expression in the SVZ, 50 μM CPA was added to the slice culture medium to inhibit calcium signaling. After 45 min of incubation, an injury was induced by cutting into the slice with a blade. SVZs were dissected out 3 hr or 24 hr afterward and immediately placed in lysis buffer for RNA extraction and analysis.

Calcium Imaging In Vitro {#sec4.6}
------------------------

For calcium imaging of both astrocytes and neurospheres, spheres were allowed to attach to the astrocytic monolayer for at least 2 hr prior to staining. Cell cultures were stained with either 5 μM Fluo-4AM or 10 μM OGB1, both diluted in culture medium, for 45 min at 37°C in humidified atmosphere. After the incubation time, cells were washed with warm culture media and analyzed within 2 hr. Drugs were applied via bath application. All drugs were applied for 30 min, except carbenoxolone, which was applied 5 min before analysis. An injury of the astrocytic monolayer was induced by either cutting with a blade or scratching with the tip of a 10-μL pipette. Cells stained with Fluo4-AM were analyzed under a confocal microscope with a frequency of 1 Hz; cells stained with OGB1 were analyzed under a fluorescent microscope with a frequency of \>18 Hz. For imaging of astrocyte-neurosphere co-cultures, neurospheres were labeled with the red fluorescent dye DiI (Invitrogen) prior to attachment to the astrocytic monolayer.

Calcium Wave Analysis {#sec4.7}
---------------------

First, we defined regions of interest (ROIs) semi-automatically and fitted a line to the site of mechanical lesion. Next, we calculated the minimum distance to each ROI center of mass to the linear lesion and sorted the ROIs according to those values. We examined the correlation between the time to peak normalized fluorescence (ΔF/F) and the distance from the lesion. We fitted a line using the least-square method. The amount of variance explained by the linear fit was determined by linear regression using the aforementioned parameters with distance from the lesion as predictor. Finally, the velocity of the calcium wave was obtained from the inverse of the slope of the best-fitting line to the latter relationship. Heatmaps were constructed with the sorted matrices described above. All calculations were performed in MATLAB (MathWorks).

Calcium Imaging of Brain Slices {#sec4.8}
-------------------------------

After preparation, brain slices were transferred onto a nylon grid in artificial cerebrospinal fluid (ACSF) buffer, continuously saturated with carbogen, and loaded with the calcium indicator dye Fluo4-AM (10 μM) for 45 min at room temperature with constant carbogen perfusion. Electrical stimulation and induction of calcium waves was performed as described previously ([@bib34]). In brief, slices were transferred to a perfusion chamber and fixed by using a U-shaped platinum wire with a grid of nylon threads. Slices were continuously perfused with carbogen at a constant flow of 5 mL/min. All experiments were performed at 34°C. Intracellular calcium changes were detected with a sampling rate of 1 Hz. Electrical stimulation was accomplished with a glass electrode filled with ACSF solution. The pipettes had a resistance of ≈1 MΩ, which corresponds to a tip opening of ≈15 μm. The tip of the pipette was placed outside the SVZ, at the top of the slice. After the positioning of the pipette the slice was allowed to recover from mechanical stress for at least 2 min. The wave was elicited by applying 10-Hz stimulation for 4 s at 30 μA. The pulses were generated by a patch-clamp amplifier and isolated using a stimulus isolator. The calcium wave could be triggered repetitively within the same area, allowing the time between stimulations of at least 5 min.

RNA Isolation and Analysis {#sec4.9}
--------------------------

For RNA isolation, cells were sorted in DNase/RNase-free collection tubes. Cell numbers of sorted cells were similar for all conditions within a single experiment (between 50,000 and 200,000 cells). Cells were centrifuged immediately and a volume of 350 μL of RLTplus buffer containing additional β-mercaptoethanol (10 μL/mL) was added. RNA was isolated using an RNeasy mini kit according to the manufacturer\'s protocol and reverse transcribed with the High-Capacity RNA to cDNA kit (Applied Biosystems) according to the manufacturer\'s instructions. qPCR was performed on a MyiQ iCycler (Bio-Rad) using either SYBR Green System (Bio-Rad) for cells or TaqMan System (Thermo Fisher Scientific) for slices, in triplicates, according to the manufacturer\'s protocol. *Rpl13a* and *Sdha* housekeeping genes were used as controls: 5 ng cDNA were used for each sample.

Fluorescence Immunohistochemistry {#sec4.10}
---------------------------------

Cryostat brain sections (15 μm) were incubated with primary antibody diluted in 10% normal goat serum and 0.1% Triton X-100 in PBS at 4°C overnight. The next day, sections were washed with PBS three times and incubated with secondary antibody, and diluted in PBS for 45 min at room temperature. Following incubation, brain sections were washed and embedded with AquaPolyMount medium. Fluorescent images were captured on a confocal LSM Nikon TE2000-E microscope. Images were processed using EC-C1 3.60 software and ImageJ (NIH). The following antibodies were used: monoclonal mouse anti-GFAP (1:500; Millipore MAB5804); polyclonal rabbit anti-GFAP (1:1,000; Dako Z0334); monoclonal mouse anti-human CD45/leukocyte common antigen (1:50; Dako MO701); monoclonal mouse anti-human nestin (1:200; Millipore MAB5326); and polyclonal rabbit anti-Iba1 (Wako Pure Chemical Industries 019-19741).
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![Gene Expression Analysis of the SVZ in Response to an MCAO after 48 hr\
(A--C) Experimental scheme. A group of mice underwent surgery, permanently occluding the middle cerebral artery. In the control group, sham surgery was performed without occlusion. Mice were killed 48 hr later and the SVZ dissected out and collected (three separate preparations from 15--20 mice for each group). The composition of the SVZ did not change regarding the influx of blood cells or microglia measured by expression of *CD45* and *Iba1* (B). In contrast, we observed high numbers of marker-positive cells in the penumbra site at injury (C). Scale bars, 100 μm.\
(D--F) GO term analysis (D) revealed a strong upregulation of genes belonging to the calcium ion-binding cluster. Absolute expression levels of selected calcium ion-binding proteins are shown as a heatmap, with an increase in expression in the MCAO group (E). Expression levels were confirmed by qPCR analysis (F). Relative expression levels were set at a value of 100% for sham controls. The reaction was performed in triplicate; results are depicted as mean ± SD.](gr1){#fig1}

![Analysis of Calcium Wave Dynamics\
(A) Schematic of the generation of the astrocyte monolayer differentiated from NSCs.\
(B) Induction of a bidirectional calcium wave upon mechanical injury. Epifluorescence images of an astrocytic monolayer stained with the fluorescent calcium indicator OGB1 were recorded at 19--23 Hz at different time points after the cut. Dashed lines represent the wave front. Scale bars, 100 μm.\
(C) Time series of the fluorescence emission of a cell at the wave front at a given time point.\
(D and H) Linear relationship between distance from cut and time to fluorescence peak. Top: linear regression reveals that a linear fit explains a high percentage of variance in both experiments. The slope of the best-fitting line represents the velocity of the calcium wave. Bottom: heatmap depicting the traveling calcium wave. When cells are sorted by their distance to the injury site, the wave dynamic is unveiled. Fluorescence values were normalized.\
(E) Schematic of the seeding of neurospheres on the astrocytic monolayer.\
(F) Calcium wave induction upon mechanical injury in an astrocyte-neurosphere co-culture. Individual raw images at different time points after the cut. Dashed lines represent the wave front and the area bordered by the solid line indicates the location of a neurosphere. Scale bars, 100 μm.\
(G) Time series of the fluorescence emission of a cell at the wave front at a given time point.](gr2){#fig2}

![Parameters of Calcium Wave Propagation\
A cut into an astrocytic monolayer leads to the spreading of a calcium wave over time.\
(A) Still images from movie records, showing an increased fluorescence in astrocytes stained with 5 μM Fluo-4AM, reflecting elevated intracellular calcium levels. Arrows indicate the wavefront. Scale bar, 100 μm.\
(B) Experimental setup to test for diffusible signal to carry an astrocytic calcium wave over a gap. Initiation of a calcium wave on the other side of the gap after a time delay in control experiments (upper two panels) and blockage of the transfer after addition of the ATP-degrading enzyme apyrase to the culture medium (lower two panels). Arrows point to neurospheres, arrowheads to the wavefront. Scale bars, 100 μm.](gr3){#fig3}

![Calcium Signaling Increases Migratory and Self-Renewal Capacity of NSCs\
(A and B) DiI-labeled neurospheres (outlined by green polygon) were placed on an astrocyte monolayer (asterisk indicates the injury cut; scale bar, 100 μm) (A) and the migration distances of individual cells were measured after 5 hr (B). For each of three independent experiments, the distance migrated by at least 70 cells was analyzed. Data represent mean ± SD. Statistical analysis by two-tailed unpaired t test: ^∗^p \< 0.05; n.s., not significant.\
(C) For self-renewal analysis, neurospheres were plated onto an astrocytic monolayer and 16 hr after injury the spheres were removed, dissociated to single cells, and replated at clonal density. Sphere size was measured after 10 days. For larger spheres reflecting a stem cell origin, sphere size was increased after injury but not in controls.\
(D and E) The absolute number of spheres increased after injury (D) as well as that of larger spheres (E) compared with controls.\
(F) Differentiation of neurosphere cells into a neuronal or glial lineage does not change after injury.\
Data represent mean ± SD (n = 4 independent experiments in triplicate).\
Statistical analysis by two-tailed unpaired t test: ^∗^p \< 0.05; ^∗∗^p \< 0.01; n.s., not significant.](gr4){#fig4}

![Calcium-Induced Changes Depend on Notch Signaling\
(A) Neurosphere cells were isolated by FACS and analyzed by qPCR. *Hes1* was upregulated in neurospheres 30 min after injury (right panel).\
(B) Left: schematic of the experiment. Neurospheres were treated with DAPT prior to the wound-scratch assay. The number of cells per mm^2^ invading into the empty surface 16 hr after the injury was quantified after Hoechst staining. Right: DAPT treatment of the neurospheres decreased the number of cells that migrated into the cut after astrocytic injury.\
(C) Examples of wound-scratch assays with DAPT-treated neurospheres. Cells that migrated into the scratch area were nestin positive. Asterisks indicate the injury cut. Scale bars, 50 μm.\
(D) Brain slice cultures were treated either with CPA or DMSO as control. A part of the slice was cut away to induce an injury. SVZs were collected 3 hr later for RNA extraction.\
(E) qPCR analysis of slice culture samples. Ipsilateral to the injury, *Hes1* and *Hes5* were upregulated, whereas in CPA-treated samples this effect was abolished.\
Data were normalized to the contralateral DMSO control. For the qPCR, n = 4 independent experiments in triplicate and data represent mean ± SD. For the migration analysis, data represent mean ± SD. Statistical analysis by unpaired two-tailed t test: ^∗^p \< 0.05, ^∗∗∗^p \< 0.001.](gr5){#fig5}
